Introduction
Protein kinases and phosphatases are implicated in a variety of cellular processes, such as proliferation, differentiation, and apoptosis. An estimated 20% of all proteins in humans are phosphorylated, and the families of protein kinases and phosphatases represent up to 5% of the human genome [1, 2] . These enzymes increase (or suppress) the activity of other enzymes, mark proteins for destruction, allow proteins to move from one subcellular compartment to another, or enhance (or impede) protein-protein interactions. Any change in the expression level, activity, or localization of these enzymes greatly influences the regulation of key processes. Because of the critical roles of protein kinases and phosphatases in cellular functions, they represent important drug targets [3, 4] . The existing methods to detect phosphorylation and dephosphorylation include the radiometric assay [5] , enzyme-linked immunosorbent assay (ELISA) 1 [6] , ATP consumption assay [7] , and several fluorescence-based assays, such as the time-resolved fluorescence [8] , fluorescence polarization [9, 10] , fluorescence resonance energy transfer (FRET) [11] , and fluorescence quench assays [12] . Although the radiometric method can be applied to almost all kinase and phosphatase targets with high sensitivity, radioisotopes are inconvenient to handle regarding certain safety and disposal. The ELISA method requires specific antibody-based detection reagents. Unfortunately, the specificity of antibodies is problematic in some cases.
Fluorescence-based methods do not necessarily require a radioactive or immunoactive label and are thus attractive as convenient and high-quality approaches for the analysis of the phosphorylation status of targeted substrates.
Recently, we reported original methods for detecting phosphorylated compounds, such as phosphopeptides, phosphoproteins, and phospholipids, using a phosphate-binding tag molecule (Phos-tag), which is a dinuclear metal(II) complex of 1,3-bis[bis(pyridin-2-ylmethyl)amino]propan-2-olate [13] . The procedures for matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS) for the enhanced analysis of the phosphorylated compounds [14−16] , phosphate affinity -4 -chromatography for the separation of phosphopeptides and phosphoproteins [17, 18] , surface plasmon resonance analysis for reversible peptide phosphorylation [19, 20] , Western blot analysis for the detection of phosphoproteins on a blotting membrane [21, 22] , and phosphate affinity electrophoresis for the mobility shift detection of phosphoproteins on an SDS-PAGE gel [23−28] have been established and put to practical use.
Herein, we describe a novel FRET system using Zn 2+ −Phos-tag for the real-time analysis of peptide phosphorylation status. FRET is a distance-dependent interaction between the electronic excited states of two dye molecules in which excitation is transferred from a donor molecule to an acceptor one without emission of a photon. For this FRET system, a Phos-tag derivative as a fluorescent donor attached with a 7-amino-4-methylcoumarin-3-acetic acid (AMCA) and carboxyfluorescein (FAM)-labeled peptides as fluorescent acceptors were prepared. As the first practical example using the AMCA-labeled Zn 2+ −Phos-tag, we demonstrated the detection of the time-dependent dephosphorylation of the FAM-labeled protein-tyrosine phosphatase 1B (PTP1B) substrate.
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Materials and methods

Materials
Bovine intestinal mucosa alkaline phosphatase, L-serine, O-phospho-L-serine 
AMCA-labeled Phos-tag ligand, N-(5-[2-(N-6-[(7-amino-4-methylcoumarin-3-acetyl)amino]
hexyl)aminoethylcarbamoyl]pyridine-2-ylmethyl)-N,N',N'-tris[pyridin-2-ylmethyl]-1,3- -7 - diaminopropan-2-ol)
Preparation of 5-FAM-labeled peptides and phosphopeptides, and 6-FAM-labeled tyrosine
Results and discussion
Preparation of AMCA-labeled Zn
Determination of the 1:1 complex formation by MALDI-TOF MS
The Phos-tag ligand forms a stable dinuclear zinc(II) complex in the presence of two equivalents of zinc(II) ions at physiological pH [13, 14] . In the presence of a phosphate dianion such as HOPO 3 2-and phosphorylated peptides, the Zn 2+ −Phos-tag molecule captures an equimolar phosphate to give a phosphate-bound complex (see Fig. 1a ). The phosphate-bound AMCA-labeled Zn 2+ −Phos-tag complex was confirmed by MALDI-TOF MS (e.g., m/z 1090.7 for the AMCA-labeled Zn 2+ −Phos-tag complex with HOPO 3 2-).
Similarly, we performed MALDI-TOF MS analyses using all pairs of the prepared 
Determination of the Phos-tag-based FRET system
We conducted the FRET analysis using AMCA-labeled Zn are shown in Figs. 3a-d , respectively. The left panels are the spectra using the phosphorylated compounds, and the right panels are those using the nonphosphorylated counterparts. As shown in the left panels, the fluorescence intensity at 445 nm, which is derived from the AMCA-labeled Zn 2+ −Phos-tag, decreased with an increase in the concentration of the FAM-labeled phosphorylated compounds. Among the phosphorylated compounds tested, the efficiency of FRET varied widely, which is possibly due to the differences in the length (5-9 amino acid sequences) between the AMCA and FAM groups and the dissociation constants K d for the Zn 2+ −Phos-tag complexes with the phosphorylated compound (see below). On the other hand (see right panels), the fluorescence spectra using the nonphosphorylated -13 -compounds showed almost no change in intensity at 445 nm. Furthermore, the increases of the emission intensity at 520 nm, which is derived from the FAM group, using the nonphosphorylated compounds were smaller than those using the phosphorylated counterparts.
Similar changes in the fluorescence spectra were observed using 6-FAM-labeled phosphotyrosine, the 5-FAM-labeled phosphorylated histone H1-derived peptide, and 5-FAM-labeled phosphorylated Abltide (see supplemental Fig. S1 in supplementary material) .
Thus, the combination of AMCA-labeled Zn 2+ −Phos-tag and a FAM-labeled phosphorylated compound provides a novel FRET system for quantitative analysis.
From the changes in the fluorescence intensity at 445 nm as shown in Fig. 3 and The donor-to-acceptor distance for an efficient FRET system should be in a range of 1−10 nm [33] . The distances between the FAM and AMCA groups in the phosphate-bound Phos-tag complexes used are all in the range, which is shown by the general molecular models.
Kinetic study of the dephosphorylation of a phosphopeptide
For the kinetic study of the dephosphorylation of a phosphopeptide using alkaline phosphatase, we applied this FRET system. Real-time analyses of the dephosphorylation of -23 - 
